An investigation of the effects of the radiation reaction force on radiation pressure acceleration is presented. Through 1D(3V) PIC code simulations, it is found that radiation reaction causes a decrease in the target velocity during the interaction of an ultra-intense laser pulse with a solid density thin foil of varying thickness. This change in the target velocity can be related to the loss of backwards-directed electrons due to cooling and reflection in the laser field. The loss of this electron population changes the distribution of the emitted synchrotron radiation. We demonstrate that it is the emission of radiation which leads to the observed decrease in target velocity. Through a modification to the light sail equation of motion (which is used to describe radiation pressure acceleration in thin foils), which accounts for the conversion of laser energy to synchrotron radiation, we can describe this change in target velocity. This model can be tested in future experiments with ultra-high intensity lasers, and will lead to a better understanding of the process of relativistically induced transparency in the new intensity regime.
INTRODUCTION
The multi-petawatt (PW) laser facilities under development will enable experimental investigations into the interaction of ultra-intense laser pulses with plasma. Laser plasma interaction physics is an active area of research with many different aspects, including fast electron transport, 1 ion acceleration, 2, 3 absorption physics 4 and fundamental QED studies. 5, 6 Ion acceleration is a topic which will receive particular attention at multi-PW laser facilities due to its application to cancer therapies. 7 At the intensities which will be achieved with multi-PW systems, high energy ions are predicted to be achieved through radiation pressure acceleration (RPA), where the radiation pressure due to the laser light is sufficiently high to accelerate thin foil targets to high velocities. RPA is expected to produce quasi-monoenergetic ion bunches, where the maximum energy has a fast scaling with the laser intensity. 8, 9 The maximum achievable ion energies may however be limited by QED effects, such as radiation reaction, which will become important in future facilities.
Radiation reaction (RR) primarily affects the electron dynamics, 10, 11 but it also indirectly impacts ions through modification of the self-consistent fields within the plasma. The effects of RR on ion acceleration is an active research area. Previous work 12, 13 has shown that the emission of synchrotron radiation causes a reduction in the laser piston velocity during the hole boring phase of RPA, leading to reduced ion energies. For thin targets however (l < λ L ), there is an increase in ion energy due to enhancement of the charge separation fields within the plasma. These enhanced fields are the result of radiative cooling of the electrons which counter-propagate against the laser. These electrons are subsequently deflected by the laser, creating a dense electron bunch at the laser-plasma interface. This produces a strong charge separation field which subsequently accelerates ions.
The effects of RR on ion acceleration in the light sail regime of RPA have previously been investigated by Chen et al . 14 This study suggests that it is the counter-propagating electron population which will experience the strongest RR effects, causing the electron phase space to contract. 15 This can lead to enhanced ion acceleration (i.e. higher ion energy and conversion efficiency) for certain target and laser parameters. Tamburini et al 16 have also investigated RR effects in the light sail regime, in particular noting that the effects are best seen in linear polarisation and again describing the formation of high density electron bunches due to radiative cooling.
Here, we present a further study into the effects of RR on the dynamics of solid density targets undergoing light sail-like acceleration. The structure of this paper is as follows; we begin with a discussion of some relevent physical concepts, including the production of synchrotron radiation, radiation reaction and the equation of motion of a radiating electron. We then briefly discuss the particle-in-cell approach to simulations of laser plasma interactions before presenting the preliminary results of a 1D(3V) simulation study into RR effects on target velocity. Finally, these results are compared to existing models for LS acceleration.
THEORETICAL APPROACH

Electron dynamics in strong fields
Electrons in ultra-intense laser fields oscillate at relativistic velocities. The threshold for relativistic electron motion is characterised by a parameter known as the normalised laser vector potential, a 0 . When a 0 = 1, the work done by the laser over the period of a wavelength is equal to the rest mass of the electron. The a 0 parameter is defined as follows:
In equation (1), e, m e are the electron charge and mass (respectively), c is the speed of light, E is the laser electric field strength and ω L is the laser frequency. Electrons oscillating in ultra-intense laser fields are strong sources of synchrotron radiation. The photons of emitted radiation carry away momentum, therefore the electrons must be subject to a recoil force in order for their motion to conserve momentum. The equation of motion for radiating electrons therefore depends on the force from external fields (through the Lorentz force) as well as the recoil force exerted on the electrons through emission of synchrotron radiation. Although radiation reaction (RR) is fundamentally a quantum process, it is assumed that it can be treated using a classical approach, in which the recoil force introduces small corrections to the electron trajectory. [17] [18] [19] This approach is valid provided that the RR force experienced by an electron in its rest frame is much weaker than the Lorentz force. The electron trajectory is then described by the Landau-Lifshitz equation:
Here, x µ is the position 4-vector, with dots representing differentiation with respect to proper time. τ r 6.2 × 10 −24 is the classical radiation time, and µ ν = δ µ ν +ẋ µẋ ν is the orthogonal projection of the electron velocity. The indices extend over the space-time co-ordinates of the 4-vectors present in the equation, i.e. µ, ν, γ, δ ∈ {0, 1, 2, 3}. F µν is the electromagnetic tensor describing the external (laser) fields.
As the Landau-Lifshitz equation provides a classical description of radiation reaction, it does not account for quantum effects such as pair-production or non-linear scattering. The importance of these quantum effects can be quantified by a Lorentz invariant parameter, χ:
The χ parameter is the ratio of the electric field experienced by an electron in its rest frame to the Schwinger field, E Sch = m 2 e c 3 /e . This Schwinger field is the upper limit on the intensity of an electromagnetic field, beyond which the vacuum breaks down to produce electron-positron pairs. 21 When χ 1, strong field effects such as pair production and non-linear scattering play an important role in the electron dynamics. However, signatures of RR for electrons with χ >0.1 have been predicted by Blackburn et al , 22 well before the classical model provided by the Landau-Lifshitz equation breaks down.
The classical approach described here overestimates the radiated power from an electron and therefore also overestimates the magnitude of the radiation reaction force. This is typically handled by scaling the radiated power by a function g(χ), which reduces the contribution from electrons with high χ values. In the simulations presented here, χ 0.1, which leads to a reduction in the radiated power of a factor 0.66. 23 The overestimation of the radiated power is a result of the stochastic nature of photon emission which is not described in the classical approach. In the simulations however, the stochastic effects are accounted for by using a Monte-Carlo approach to calculate the probability of photon emission. When the energy radiated by an electron in a laser plasma interaction is equal to its initial kinetic energy, the interaction enters the radiation dominated regime (RDR). 24 Here, RR significantly affects the electron dynamics, since the emission of high energy photons causes discontinuities in the electron trajectory. It is difficult to enter the RDR due to current limitations in laser intensity, as described in reference.
11 However, another regime in which the RR force plays an important role in the electron dynamics, and which is more easily acessible than the RDR, has been described by Di Piazza et al . 11 In this regime, it is a population of electrons which counter propagates with respect to the laser which experiences the strong RR effects. In laser interactions with overdense solids, part of the laser pulse is reflected from the target in the initial stage of the interaction, before it undergoes relativistic self-induced transparency (RSIT). The reflected wave and incident laser pulse interfere, producing a standing wave in front of the target. As the surface is ionised and a plasma forms, the electrons in the plasma will interact with the standing wave set up at the target surface. Some of the electrons will counter propagate with respect to the laser and will therefore experience up-shifted laser fields. These electrons are stimulated to radiate away their energy and can subsequently be reflected by the laser, leading to the loss of this backwards moving population. The condition which the electrons must satisfy to be reflected by the laser is:
It is worth emphasizing that this reflection can only occur when RR effects are included in the electron dynamics, since equation (4) describes the loss of momentum from radiating electrons. The electrons which are reflected by the laser become trapped in the plasma, where they can enhance the absorption of laser energy. This bunch of trapped electrons also leads to the formation of an enhanced charge separation field, as has been described by Chen et al .
14 This backwards propagating population of electrons can also be produced as the target undergoes RSIT. In this case, the laser propagates into the target and heats the electrons within the target volume. The plasma will then expand outwards, with some fraction of the plasma electrons counter propagating with respect to the laser and therefore being reflected as described in equation (4).
Synchrotron radiation
In ultra-intense laser plasma interactions, the emission of synchrotron radiation originates from the acceleration of electrons in the both the laser fields and the self consistent fields within the plasma. As discussed in the previous subsection, the emission of photons of synchrotron radiation cause a recoil force to act on a radiating electron, which must be accounted for in the equation of motion. Here we will briefly discuss the properties of the emitted radiation.
The generation of synchrotron radiation arises as a consequence of the finite speed of light. Many of the subtleties involved in the analysis of the emitted radiation arise due to the fact the radiation seen by an observer from an accelerating charge has originated from a time earlier in the particle's motion, when it was at a different location. The electromagnetic fields associated with the charge are obtained from the Lienard-Wiechert potentials, such that the fields contain two components. The first is a static field, which is seen by the electron in its rest frame and measured by an observer co-moving with respect to the charge. The second field component depends on the retarded time and describes the radiated field originating from the accelerated charge. Substituting these fields into the Poynting vector yields an expression for the intensity of emitted radiation, as described in references.
25, 26
The spectrum of synchrotron radiation generated from electrons oscillating in laser fields consists of many Doppler shifted harmonics of the laser frequency. These harmonics extend up to a critical frequency at which the spectrum peaks. The critical frequency is related to the energy of the radiating electron and the frequency of its rotation in the laser field, ω r by the expression ω cr
In the case of ultra-relativistic electrons, the synchrotron radiation is emitted into a narrow cone along the direction of electron momentum, with an opening angle of 1/γ e . It can therefore be assumed that the photons radiated by the ultra-relativistic electron also travel in the same direction, since the opening angle will be small. The spectral intensity of the synchrotron radiation per unit solid angle is given by:
The delta function ensures that the radiation is emitted only into a small solid angle along the direction of electron momentum. Here,ẍ e is the acceleration of the electron, p e is the electron momentum and S is a function (known as the universal function of synchrotron radiation) which defines the shape of the spectrum.
As discussed, synchrotron radiation is only one specific example of the radiation produced by accelerating charges. Bremsstrahlung radiation is a more generic term applied to the emission from charges which are decelerated as they propagate through matter. The radiated synchrotron power roughly scales with a 4 0 , meaning that in ultra-relativistic laser pulses with a 0 >100 that the synchrotron emission will dominate over Bremsstrahlung.
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This has important consequences for experimental tests of RR, where separating the synchrotron signal from other radiation sources will be a key objective. It is especially important to obtain a clear synchrotron spectrum in order to distinguish quantum RR effects, which will be an objective of multi-PW experiments.
Radiation pressure acceleration
During ultra-intense laser plasma interactions, the radiation pressure exerted on the target as a result of the high incident photon flux, can cause it to accelerate to high velocities. This is known as radiation pressure acceleration (RPA). Ultra thin targets (such as nanometer scale foils) undergo acceleration in the light sail (LS) regime. In this case the laser directly accelerates the target electrons, establishing a charge separation field which subsequently accelerates ions to high energies. When viewed over a sufficiently long timescale, the dynamics of such a system can be modeled by a co-moving layer of electrons and ions, 'sailing' under the influence of the laser.
The LS regime is highly desirable for ion acceleration experiments, due to the high energy ions which can be produced, in quasi-monoenergetic bunches. Additionally, the ion energy scales with the square of the laser intensity (albeit in the non-relativistic regime), much faster than other ion acceleration regimes such as target normal sheath acceleration (TNSA). The idea of the LS was originally proposed by Marx, 27 who suggested that a laser could be used to propel a spacecraft over interstellar distances. A subsequent review of the original LS equations and the feasibility of such a method of travel can be found in reference.
28
The equation of motion for an ultra-thin foil undergoing RPA under the influence of an intense laser pulse was later revisited by Macchi et al , 29 by accounting for the effects of the charge separation field and RSIT. The equation can be derived by considering the target to act as a perfectly reflecting mirror, gaining momentum as the laser photons hit the target surface. As the target accelerates to a significant fraction of the speed of light, the laser intensity arriving at the target surface (as measured in the rest frame) is reduced by the Doppler effect. The intensity in the rest frame is therefore related to the laser intensity in the laboratory frame by a Doppler shift; I = I(1 − β)/(1 + β). The radiation pressure exerted on the target is:
Here, R, T and A represent the reflection, transmission and absorption coefficients, respectively, such that R+T+A=1. If the target undergoes RSIT at some point in the interaction, the high transmission of laser light will suddenly reduce the radiation pressure arriving at the target surface, as there is no longer a solid surface to push against.
To arrive at the equation presented in reference, 29 we assume that there is no absorption, and consider the reflection coefficient as measured in the target frame of reference. This reflection then depends on the frequency in the target rest frame, ω', which is related to the frequency in the laboratory frame by: ω = ω (1 − β)/(1 + β). These assumptions lead to the LS equation of motion:
For the simple case of a perfectly reflecting mirror, where R=1, the velocity of the target is found by integrating the equation of motion with respect to the retarted time φ = t(1 − β) (using the approach described by Simmons and McInnes 28 ) to obtain:
Through the parameter ξ, the LS velocity depends on the laser fluence as well as target properties such as density and thickness. Moving to thinner and less dense targets suggests that the LS velocity will increase. There is however a limit to this approach; if the targets are sufficiently thin they will undergo RSIT. The laser can then propagate through the target, switching off the radiation pressure acceleration since the target can no longer be accelerated as a whole. The threshold for transparency is when the a 0 of the laser exceeds the areal density of the target (a 0 > ζ = π ne nc l λ ). In reality the reflectivity is less than 1, due to absorption of the incident laser energy and subsequent RSIT of the target which reduces the effectiveness of the RPA. In order to account for this effect, Macchi et al reformulated the equation of motion to include a non-linear reflection coefficient, which contains the areal density parameter.
30
The reflection can be approximated by the following expressions:
For target thicknesses in which the areal density exceeds the laser a 0 , the reflection becomes independent of the laser intensity. This suggests that RPA reaches peak efficiency when the laser a 0 is equal to the target thickness. This condition also defines the threshold for RSIT.
Some aspects of the effects of RR in the light sail regime have been investigated by Chen et al 14 and Tamburini et al . 16 Chen concludes that RR effects are most signifiant in the population of electrons which counter-propagate with respect to the laser pulse. This leads to a boost in the ion energy in thin targets. Tamburini reports that the RR effects are important for linear polarisation, and that the ion conversion efficiency with RR on is lower due to a decrease in the return current.
SIMULATION RESULTS AND DISCUSSION
Simulation Parameters
Here we present the results of 1D(3V) simulations using the EPOCH Particle-In-Cell code.
31 1D simulations have been used in order to scan over a wide range of parameters with sufficiently high resolution. We have investigated the interaction of solid density (777 n c ) aluminium targets, in a charge state of 13 + , with an ultra-intense laser pulse of intensity 2 × 10 23 Wcm −2 . At this intensity, the RR force plays an important role in the electron dynamics whilst higher order QED effects such as pair-production can be neglected. The targets are varied in thickness from 50 -500 nm, such that during the interaction they are accelerated in the light sail like-regime of RPA.
The simulations have a spatial resolution of 2 nm (100,000 cells across a grid size of 200 µm), in order to fully resolve the Debye length and avoid artificial heating. Dynamic load balancing is used to ensure a high number of particles per cell (>1000) throughout the simulations.
The laser has a Gaussian temporal profile, with a FWHM of 60 fs and a peak dimensionless laser amplitude of a 0 =380. The wavelength is 1µm, with outputs produced every laser period T L = 2π/ω L . The results presented here are for linearly polarised laser pulses (LP), as this choice of polarisation was found to enhance RR effects due to increased electron heating compared to the circularly polarised case. The RR force is implemented using the QED package in EPOCH. This package uses a semi-classical approach, in which the photon emission from a radiating electron is handled stochastically 18, 32 . The momentum carried away by the photon then causes the radiating electron to recoil, changing its trajectory. In order to isolate effects which arise purely due to the RR force, the simulations were run with and without RR. With RR switched off, the electrons still produce synchrotron radiation, however the recoil of the emitted photon is not accounted for.
Target Dynamics
At the high intensities presented in this study, the target undergoes RPA in a regime similar to LS. We here refer to a LS-like regime, because some assumptions used in the derivation of the previously presented LS model do not hold, such as perfect reflectivity of the target and negligible absorption of the laser pulse. Additionally, the RR force changes the dynamics of the system, meaning a different model is needed to describe the motion of the target. Figure 1 shows the target velocity as a function of time for the 150 nm case, with and without RR 1 . The 150 nm case was chosen here because this is the target thickness at which the laser a 0 approximately balances the target areal density, which leads to the most efficient RPA as described in reference. 29 Different pulse shapes can be accounted for in this model through an appropriate choice of laser fluence; in Figure 1 the fluence has been modified to account for the Gaussian temporal profile of the laser. From Figure 1 we can see that this model overestimates the target velocity compared to the simulation. This is to be expected; in reality the target will absorb some fraction of the laser energy and for the thickness considered, will go transparent due to RSIT. However, the model and simulation results exhibit the same trend. The target velocity increases up until the maximum value of the laser fluence, at which point it reaches a constant velocity. If the target was being accelerated in the hole-boring regime of RPA, the velocity would peak at with the laser intensity (at 60 fs) and subsequently decrease. The velocity would also be much lower, peaking at approximately β t =0.1 for a 150 nm target.
For the 150 nm case presented in Figure 1 , the laser a 0 marginally exceeds the target areal density, ζ = π ne nc l λ . In this case, reference 33 provides an estimate of the non-linear reflection coefficient, which depends on the laser and target parameters. The non-linear reflectivity accounts for the fact that the target can undergo RSIT during the interaction. The target velocity calculated using this non-linear reflection coefficient is plotted in Figure 1 with a black dotted line. Using this estimate of the reflection coefficient, there is better agreement with the simulation results.
The target velocity is compared with and without RR in Figure 1 . When RR effects are included, the target velocity is seen to decrease, falling below the velocity predicted by the Macchi model with non-linear reflection. The lack of agreement with the model in this case suggests that the RR force causes a change in the target velocity which has not previously been accounted for. Note here that the change in velocity is relatively small (around 5%), so this difference could be accounted for by considering the RR force as a small perturbation to the LS equation of motion. The decrease in velocity is therefore related to the emission of radiation; in order to compare this effect, the LS velocity is calculated at the time of maximum synchrotron emission, at which point the largest differences will be observed. The blue diamond plotted in Figure 1 marks the time of maximum synchrotron emission, determined by the case with RR on.
The target velocity is presented as a function of target thickness in Figure 2 . There are distinct regions in this plot, in which different effects are taking place. The Macchi model predicts that the optimal target thickness for RPA is obtained when the laser a 0 matches the areal density. For thicker targets, the reflection coefficient tends to 1, meaning that the momentum transfer from laser photons to the target is as efficient as possible. However as the targets become thicker, their inertia prevents efficient acceleration, meaning that the optimal thickness occurs for the thinnest target in which the reflection coefficient is approximately 1, i.e. when a 0 ζ.
For the simulation parameters used here, the optimal target thickness is calculated to be l opt =156 nm. This calculation assumes that the laser intensity is constant (i.e. a top hat pulse), whereas here we use a laser pulse with a Gaussian temporal profile. The optimal thickness may then be shifted, as the target accelerates to high velocity in the rising edge of the laser pulse, resulting in a lower intensity reaching the front surface due to the Doppler effect. The targets with thickness less than the optimal value will undergo RSIT early in the interaction, reducing the efficiency of RPA as this requires the target to remain overdense.
For targets which are thicker than the optimal value, Macchi predicts that the radiation pressure becomes independent of the laser a 0 . 30 In this case, RPA reaches its maximum efficiency and so increasing the target thickness means the velocity will decrease due to the target inertia preventing it from accelerating efficiently.
As discussed earlier, electrons oscillating in the laser fields will emit synchrotron radiation into a cone along the direction of the electron velocity, with a small opening angle of 1/γ e . Whilst the electrons radiate only into a narrow cone, the system contains many electrons moving in different directions, so it would be expected that some radiation would exist in all directions. When RR effects are included however, the counter propagating electron population is lost due to reflection by the laser. This means the average emission direction will shift and will instead be directed forwards along the laser axis since this is the direction in which most electrons move.
With RR, we found that the average emission angle decreases relative to the case without RR. Again, we emphasize that this is due to the loss of the counter propagating electrons. The smaller emission angle means that the radiation is primarily emitted in the forwards direction. Since the photons of synchrotron radiation are carrying away momentum, there will be a recoil force directed opposite to the average emission direction. As the average emission angle drops when RR is accounted for, the component of the RR force which acts along the direction of target motion will be larger, causing the target velocity to drop relative to the case without RR.
Discussion
We have presented a short overview of our research into the effects of RR on overdense targets in the LS-like regime. Previous work in this area has highlighted the importance of backwards propagating electrons on the dynamics of the system. Here, we report how the loss of this electron population through radiative cooling and reflection leads to a decrease in the target velocity. By comparing the target velocity as measured in 1D(3V) simulations to the predictions of the existing LS model, we have shown that RR leads to a reduction in the velocity which has not been accounted for.
